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ABSTRACT In some women, sexually transmitted Chlamydia trachomatis may as-
cend to infect the endometrium, leading to pelvic inflammatory disease. To identify
endometrial innate immune components that interact with Chlamydia, we intro-
duced C. trachomatis into mouse endometrium via transcervical inoculation and
compared the infectious yields in mice with and without immunodeficiency. Live C.
trachomatis recovered from vaginal swabs or endometrial tissues peaked on day 3
and then declined in all mice with or without deficiency in adaptive immunity, indicat-
ing a critical role for innate immunity in endometrial control of C. trachomatis infection.
Additional knockout of interleukin 2 receptor common gamma chain (IL-2Ryc) from
adaptive immunity-deficient mice significantly compromised the endometrial innate im-
munity, demonstrating an important role for innate lymphoid cells (ILCs). Consistently,
deficiency in IL-7 receptor alone, a common gamma chain-containing receptor required
for ILC development, significantly reduced endometrial innate immunity. Furthermore,
mice deficient in RORyt or T-bet became more susceptible to endometrial infection with
C. trachomatis, suggesting a role for group 3-like ILCs in endometrial innate immunity.
Furthermore, genetic deletion of gamma interferon (IFN-y) but not IL-22 or
antibody-mediated depletion of IFN-y from adaptive immunity-deficient mice sig-
nificantly compromised the endometrial innate immunity. Finally, depletion of
NK1.1* cells from adaptive immunity-deficient mice both significantly reduced
IFN-y and increased C. trachomatis burden in the endometrial tissue, confirming
that mouse ILCs contribute significantly to endometrial innate immunity via an IFN-
v-dependent effector mechanism. It will be worth investigating whether IFN-vy-
producing ILCs also improve endometrial resistance to sexually transmitted C. tra-
chomatis infection in women.

KEYWORDS Chlamydia trachomatis, endometrial resistance, innate immunity, innate
lymphoid cells

hlamydia trachomatis is a leading cause of sexually transmitted bacterial infections

in women (1), and some infected women may develop uterine endometrial infec-
tion, leading to complications such as pelvic inflammatory disease (PID) and infertility
(2). In order to successfully infect endometrial epithelial cells in the uterus, sexually
transmitted C. trachomatis organisms have to both pass through the cervical barrier
and overcome antimicrobial mechanisms in endometrium. Thus, both the cervical
barrier and endometrial resistance may contribute to host immunity against chlamydial
ascending infection.

Although endometrial epithelial cells are the major target cells of the ascending
chlamydial organisms, immune cells in both intraepithelial space and lamina propria
may regulate epithelial cell susceptibility to chlamydial infection. Innate lymphoid cells

July 2020 Volume 88 Issue 7 e00152-20 Infection and Immunity

Citation Xu H, Su X, Zhao Y, Tang L, Chen J,
Zhong G. 2020. Innate lymphoid cells are
required for endometrial resistance to
Chlamydia trachomatis infection. Infect Immun
88:200152-20. https://doi.org/10.1128/IAl
.00152-20.

Editor Craig R. Roy, Yale University School of
Medicine

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jianlin Chen,
jianlinchen@csu.edu.cn, or Guangming Zhong,
Zhongg@UTHSCSA.EDU.

Received 13 March 2020

Returned for modification 7 April 2020
Accepted 21 April 2020

Accepted manuscript posted online 27
April 2020

Published 22 June 2020

iaiasm.org 1


https://doi.org/10.1128/IAI.00152-20
https://doi.org/10.1128/IAI.00152-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:jianlinchen@csu.edu.cn
mailto:Zhongg@UTHSCSA.EDU
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00152-20&domain=pdf&date_stamp=2020-4-27
https://iai.asm.org

Xu et al.

(ILCs) have been shown to provide early resistance to microbial infections to prevent
microbes from establishing stable colonization in mucosal tissues (3-6). llluminating
the mechanisms by which ILCs restrict bacterial infection is a hot area of investigation
(7, 8), since the mechanistic information may be used to improve human health (9). For
example, information on whether and how ILCs may contribute to endometrial immu-
nity against chlamydial infection may be useful for developing strategies to enhance
endometrial resistance to infection and to attenuate endometrial inflammatory pathol-
ogies. Although previous studies showed that conventional natural killer (cNK) cells
play important roles in chlamydial infection (10-18), those studies did not differentiate
cNK cells from non-NK ILCs. We recently showed that a mutant strain of Chlamydia
muridarum was inhibited by ILCs in the mouse colon (19), suggesting that chlamydial
intracellular infection can be regulated by ILCs. However, it remains unknown whether
and how ILCs can contribute to host defense against genital tract infection with C.
trachomatis. Thus, the goal of the current study was to use C. trachomatis infection of
the mouse genital tract as a model to investigate whether and how mouse genital ILCs
interact with chlamydial organisms.

ILCs consist of both the killer ILCs (also traditionally called cNK cells) and the
helper-like ILCs, the latter of which are further categorized into ILC1s, ILC2s, and ILC3s
according to their surface molecules and their cytokines and transcriptional factors (20,
21).ILC1s express transcriptional factor T-bet and secrete gamma interferon (IFN-v) (22),
while ILC2s express GATA3 and secrete interleukin 5 (IL-5) and IL-13 (23), and ILC3s
express retinoic acid receptor-related orphan receptor yt (RORyt) and secrete IL-22 and
IL-17 (24-26). ILC3s are most heterogeneous, with some being positive for CCR6
(defined as lymphoid tissue inducer [LTi]), while others are negative for CCR6. The
CCR6-negative ILC3s can be either negative or positive for natural cytotoxicity receptor
1 (NCR1) or NKp46 (27). Furthermore, some ILC3s can be induced by local tissue-derived
cytokines, such as IL-12 and/or IL-15, to upregulate T-bet and to secrete IFN-y (28, 29).
The T-bet- and RORvyt-coexpressing ILCs are designated ILC3-like or ex-ILC3 (28, 29).
Various ILC3-to-ILC1 transition subpopulations have been detected in different mucosal
tissues (30). Mouse uterine tissues are known to contain all ILC subtypes in addition to
NK cells (31). However, it is not clear whether ex-ILC3s can be induced in mouse genital
mucosal tissues in response to C. trachomatis infection. Furthermore, it remains un-
known whether and how the endometrial ILCs play any significant roles in controlling
sexually transmitted Chlamydia infection.

In the current study, we took advantage of the fact that C. trachomatis infection is
inhibited by innate immunity in the mouse genital tract (32) and introduced C.
trachomatis directly into mouse endometrium via transcervical inoculation to evaluate
the potential roles of ILCs in endometrial innate immunity. We found that live C.
trachomatis recovered from vaginal swabs or endometrial tissues peaked on day 3 and
then rapidly declined in all mice with or without adaptive immunity, demonstrating
that C. trachomatis infection is inhibited by mouse endometrial innate immunity. In
addition to lack of adaptive immunity, removal of IL-2 receptor common gamma chain
(IL-2Rvyc) significantly increased C. trachomatis yields in the endometrial tissues col-
lected on day 3, demonstrating a critical role for ILCs in endometrial innate immunity,
since all lymphoid cells, including ILCs, are dependent on IL-2Ryc. Mice deficient in
RORyt or T-bet exhibited significantly increased endometrial susceptibility to C. tracho-
matis, suggesting a role for group 3-like ILCs in endometrial innate immunity, since
RORyt is a signature transcriptional factor of ILC3s, and ILC3s can be induced to
upregulate T-bet for IFN-y production. Genetic deletion of IFN-y from C57BL mice or
antibody depletion of IFN-y from Rag1—/~ mice significantly compromised the endo-
metrial innate immunity against C. trachomatis infection. Most importantly, depletion of
ILCs from adaptive immunity-deficient mice both significantly reduced IFN-y and
increased C. trachomatis burden in the endometrial tissue. Thus, we have demonstrated
that a subset of ILC3s may promote mouse endometrial immunity against C. tracho-
matis infection via IFN-y-dependent mechanism. These mouse model-based observa-
tions should encourage future studies to investigate whether IFN-y-producing ILCs
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FIG 1 Comparison of live C. trachomatis yields in vaginal swabs between mice with and without adaptive
immunity following transcervical inoculation. C57BL/6J mice without (solid bars) or with (open bars)
deficiency in adaptive immunity or Rag1 (Rag1~/~) were infected with 5 X 10° IFU of C. trachomatis
serovar D organisms via transcervical inoculation and were then monitored for live-organism recovery
from the genital tract by taking vaginal swabs on days 1, 3, 5, 7, 10, and 14 and weekly thereafter. The
number of live organisms recovered from each swab at each time point was expressed as log,, IFU, and
group means and standard deviations are shown. n = 4 for each data point from two independent
experiments. P values were >0.05 (Wilcoxon rank sum) between the two groups of mice when IFU from
the first 7 days were compared and <0.05 between the two groups when IFU from days 10 to 56 or days
1 to 56 were compared.

improve endometrial resistance to sexually transmitted C. trachomatis infection in
women.

RESULTS

Innate but not adaptive immunity inhibits human C. trachomatis in mouse
endometrium during the first week following transcervical inoculation. To deter-
mine the contributions of innate versus adaptive immunity to inhibition of C. tracho-
matis infection along the course of genital tract infection, we compared live C. tracho-
matis yields recovered from vaginal swabs from mice with and without Rag1 deficiency
(Rag1-deficient mice lack adaptive immunity) following transcervical inoculation
(Fig. 1). Compared to wild-type C57BL/6J mice, mice lacking adaptive immunity devel-
oped an enhanced overall vaginal shedding course (P < 0.05), indicating a significant
role for mouse genital adaptive immunity in limiting human chlamydial infection.
However, careful comparison of the shedding courses revealed that the difference in
the live-organism shedding levels between mice with and without adaptive immunity
was mainly restricted to the period from day 10 to 56. Starting on day 10, wild-type
mice reduced live-organism titers to a minimal level, although a complete clearance
was not achieved until day 56, while adaptive immunity-deficient mice continuously
maintained significantly higher levels of live-organism shedding in the same period
(P < 0.05). These observations indicated the role of adaptive immunity only during the
infection stage when adaptive immunity was fully developed. In contrast, the live-
organism shedding courses within the first week were very similar between mice with
and without adaptive immunity (P> 0.05). Both groups of mice permitted an initial
growth of C. trachomatis, allowing live-organism yields to peak on day 3, followed by
steady declining. These observations demonstrate that innate immunity is able to limit
C. trachomatis growth in the mouse genital tract within the first week after infection
(when adaptive immunity is not fully developed or is genetically defective). This
conclusion was further validated by the observation that mice with or without adaptive
immunity displayed similar levels of live C. trachomatis organisms in different genital
tract tissues harvested on day 3 after transcervical inoculation (Fig. 2).

Innate lymphoid cells contribute to mouse endometrial innate immunity. To
determine whether ILCs play any roles in innate immunity control of C. trachomatis
infection in the female mouse genital tract, we compared live C. trachomatis yields
between adaptive immunity-deficient mice with and without IL-2 receptor common
gamma chain (IL-2Ryc) following transcervical inoculation (Fig. 3). Mice deficient in
both Rag2 and IL-2Ryc were highly susceptible to C. trachomatis infection. The live C.
trachomatis organism yields recovered from either vaginal swabs or genital tract tissues
collected on day 3 were significantly higher in mice deficient in both Rag2 and IL-2Ryc.
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FIG 2 Comparison of live C. trachomatis yields in genital tract tissues between mice with or without
adaptive immunity following transcervical inoculation. C57BL/6J mice without (solid bars; n = 7) or with
(open bars; Rag1~/—; n=6) deficiency in adaptive immunity were infected with 5X 10° IFU of C.
trachomatis serovar D organisms via transcervical inoculation. All mice were monitored for live-organism
recovery from the genital tract tissues, including vagina (Vag), cervix (Cex), uterus or uterine horn (UH),
and oviduct or ovary (OV). The tissues were harvested on day 3 after transcervical inoculation. The
number of live organisms recovered from each tissue is expressed as log,, IFU, and group means and
standard deviations are shown. Data are from two independent experiments. P was >0.05 (Wilcoxon rank
sum test) between C57BL/6J and Rag1~/~ mice when IFU from any given tissue were compared.

Significant differences were found in uterus/uterine horn or endometrial tissues, vag-
inal tissues, and vaginal swabs but not cervix tissue. Since C. trachomatis was directly
inoculated into the endometrium via transcervical inoculation, the increased suscepti-
bility in multiple tissues might be due to descending infection caused by the infectious
chlamydial organisms from endometrial tissues. Since lymphoid but not myeloid cells
are dependent on IL-2R+yc, the above observations have demonstrated critical roles of
ILCs in endometrial innate immunity.

Endometrial innate immunity is dependent on IL-7R, RORyt, and T-bet. Mice
deficient in IL-7 receptor, an IL-2Ryc-containing receptor for lymphoid but not myeloid
cell development, developed significantly higher yields of live C. trachomatis in endo-
metrium on day 3 (Fig. 4), again confirming a significant role for ILCs in endometrial
innate immunity. To further characterize the responsible ILCs, we compared live C.
trachomatis yields between mice with and without deficiency in transcription factor
T-bet or RORyt following transcervical inoculation (Fig. 5). Mice deficient in either T-bet
or RORvyt exhibited significantly higher live C. trachomatis yields in endometrial tissue
(uterus or uterine horn) collected on day 3 after inoculation. It is worth noting that
the increase was more obvious in mice with RORyt deficiency, suggesting that the
responsible ILCs are highly dependent on ROR+yt and that they may belong to the
group 3 ILCs.

Endometrial innate immunity requires IFN-y but not IL-22. To determine the
effector mechanisms by which ILCs mediate mouse endometrial resistance to C
trachomatis infection, we compared live C. trachomatis yields between wild-type mice
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FIG 3 Comparison of live C. trachomatis yields between adaptive immunity-deficient mice with or
without IL-2Ryc following transcervical inoculation. Mice deficient in Rag1 (Rag1~/—; solid bars) or in both
Rag2 and IL-2Ryc (Rag2—/~ & yc~/~; open bars) were infected with 5 X 10° IFU of C. trachomatis serovar
D organisms via transcervical inoculation and then monitored for live-organism recovery from both
vaginal swabs and genital tract tissues, including vagina (Vag), cervix (Cex), uterus or uterine horn (UH),
and oviduct or ovary (OV). All swabs and tissues were harvested on day 3 after inoculation. The number
of live organisms recovered from each swab or tissue is expressed as log,, IFU, and group means and
standard deviations are shown. n =5 for each data point, and the data are from two independent
experiments. ¥, P < 0.05 (Wilcoxon rank sum test).
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FIG 4 Comparison of live C. trachomatis yields between mice with or without deficiency in IL-7 receptor
following transcervical inoculation. Mice without (solid bars) or with (IL-7R~/—; open bars) IL-7 receptor
deficiency were infected with 5 X 106 IFU of C. trachomatis serovar D organisms via transcervical
inoculation and then monitored for live-organism recovery from both swabs and genital tract tissues,
including vagina (Vag), cervix (Cex), uterus or uterine horn (UH), and oviduct or ovary (OV). All swabs and
tissues were harvested on day 3 after inoculation. The number of live organisms recovered from each
swab or tissue is expressed as log,, IFU, and group means and standard deviations are shown. n = 4 for
each data point and the data were from two independent experiments. *, P < 0.05 (Wilcoxon rank sum
test).

and mice deficient in IFN-y or IL-22 following transcervical inoculation (Fig. 6). Mice
with deficiency in IFN-y but not IL-22 had significantly increased susceptibility to C.
trachomatis infection in endometrium, indicating a critical role for IFN-y but not IL-22
in mouse endometrial innate immunity against C. trachomatis infection. The role of
IFN-y in mediating ILC anti-chlamydial activity was further validated by the observation
that depletion of IFN-y from the adaptive immunity-deficient Rag1~/~ mice signifi-
cantly increased the infectious yields of C. trachomatis in endometrial tissue (Fig. 7).
Most importantly, depletion of NK1.1* cells from Rag1~/— mice both significantly
reduced IFN-y and increased C. trachomatis burden in the endometrial tissue on day 7
after transcervical inoculation (Fig. 8), demonstrating that NK1.1* ILCs contribute
significantly to endometrial innate immunity via an IFN-y-dependent effector mecha-
nism, and the impact of ILCs on endometrial susceptibility to chlamydial infection is
measurable for 7 days after infection.

DISCUSSION

Using a series of gene knockout mice in combination with various antibody deple-
tion schemes in C. trachomatis infection of female mouse endometrium model, we have
demonstrated a significant role for ILCs in endometrial innate immunity. The experi-
mental evidence has led us to conclude that ILCs are an essential component of
endometrial innate immunity. First, live C. trachomatis organisms recovered from
mouse genital tracts were reduced after a day 3 peak in the absence of adaptive
immunity, indicating a role for innate immunity in restricting C. trachomatis infection.
Second, deficiency in IL-2Ryc in adaptive immunity-deficient mice significantly in-
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FIG 5 Comparison of live C. trachomatis yields between mice with or without deficiency in T-bet or RORyt
following transcervical inoculation. Mice without (solid bars) or with deficiency in transcriptional factors
T-bet (T-bet=/—; open bars) or RORyt (RORyt—/~; hatched bars) were infected with 5 X 106 IFU of C.
trachomatis serovar D organisms via transcervical inoculation and then monitored for live-organism
recovery from both swabs and genital tract tissues, including vagina (Vag), cervix (Cex), uterine/uterine
horn (UH), and oviduct/ovary (OV). All swabs and tissues were harvested on day 3 after inoculation. The
number of live organisms recovered from each swab or tissue was expressed as log,, IFU, and group
means and standard deviations are shown. n =5 for each data point, and the data are from two
independent experiments. *, P < 0.05, and **, P < 0.01, for comparison of the indicated gene-deficient
group with the wild-type group (Wilcoxon rank sum test).
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FIG 6 Comparison of live C. trachomatis yields between mice with or without deficiency in IFN-y or IL-22

following transcervical inoculation. Mice without (solid bars; n = 10) or with (open bars; IFN-y~/=; n = 4)

or IL-22 (hatched bars; IL-22=/—; n =7) deficiency in IFN-y were infected with 5 X 10¢ IFU of C.

trachomatis serovar D organisms via transcervical inoculation and then monitored for live-organism

recovery from both swabs and genital tract tissues, including vagina (Vag), cervix (Cex), uterus or uterine

horn (UH), and oviduct/ovary (OV). All swabs and tissues were harvested on day 3 after inoculation. The

number of live organisms recovered from each swab or tissue is expressed as log,, IFU, and group means

and standard deviations are shown. Data are from two independent experiments. *, P < 0.05 (Wilcoxon
rank sum test).

creased mouse endometrial susceptibility to C. trachomatis infection on day 3 following
transcervical inoculation, indicating a significant role for ILCs in endometrial innate
immunity. This is because IL-2Ryc is required for development of all lymphoid cells,
including ILCs. Rag-deficient mice do not have regular lymphocytes but maintain
normal ILCs. The increased susceptibility to chlamydial infection in mice deficient in
both Rag and IL-2Ryc must be caused by lack of ILCs. Third, C. trachomatis replication
is rescued in the endometrial tissue of C57 mice deficient in only IL-7R. IL-7R is required
for differentiation and maturation of all lymphoid cells but not myeloid cells. Thus, even
on a wild-type mouse background, the role of lymphoid cells in endometrial resistance
to chlamydial infection can be demonstrated. Since the resistance was measured on
day 3 (3 days is too short a time for naive mice to develop adaptive immunity), we can
attribute this resistance to innate lymphoid cells. Fourth, mice deficient in either RORyt
or T-bet had significantly lower endometrial innate immunity against chlamydial infec-
tion, suggesting that the responsible ILCs may belong to a subset of ILC3s. Fifth,
genetically deleting IFN-y from C57BL/6J mice or antibody-mediated depletion of IFN-y
from adaptive immunity-deficient mice significantly compromised endometrial resis-
tance to human chlamydial infection, suggesting that the responsible ILC3s may be
induced to secrete IFN-vy for their contribution to endometrial innate immunity. Finally,
depletion of NK1.1+ cells from adaptive immunity-deficient mice both significantly
reduced IFN-y and increased C. trachomatis yields in the endometrium, demonstrating
that NK1.1* ILCs can inhibit chlamydial infection in mouse endometrium via an
IFN-y-mediated effector mechanism. The mechanistic information may be useful in
guiding the design of future clinical studies.
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FIG 7 Comparison of live C. trachomatis yields between adaptive immunity-deficient mice with or
without depletion of IFN-v following transcervical inoculation. Adaptive immunity-deficient mice without
(Rag1~/~ + Ctrl IgG; solid bars) or with (Rag1—/~ + «alFN-v; open bars) depletion of IFN-y were infected
with 5 X 106 IFU of C. trachomatis serovar D organisms via transcervical inoculation and then monitored
for live-organism recovery from both swabs and genital tract tissues, including vagina (Vag), cervix (Cex),
uterus or uterine horn (UH), and oviduct or ovary (OV). All swabs and tissues were harvested on day 3
after inoculation. The number of live organisms recovered from each swab or tissue is expressed as log;,
IFU, and group means and standard deviations are shown. n = 4 for each data point, and data are from
two independent experiments. *, P < 0.05 (Wilcoxon rank sum test).
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FIG 8 Comparison of live C. trachomatis yields between adaptive immunity-deficient mice with or
without depletion of NK1.1+ cells following transcervical inoculation. Adaptive immunity-deficient mice
without (Rag1~/~ + Ctrl IgG; solid bars) or with (Rag1~/~ + aNK1.1; open bars) depletion of NK1.1* cells
were infected with 5 X 106 IFU of C. trachomatis serovar D organisms via transcervical inoculation. The
infected mice were then monitored for live-organism recovery (a) and IFN-y production (b) from genital
tract tissues, including vagina (Vag), cervix (Cex), uterus or uterine horn (UH), and oviduct or ovary (OV).
All tissues were harvested on day 7 after inoculation. Group means and standard deviations for numbers
of live organisms recovered from each tissue (expressed as log,, IFU) and IFN-y measured from the same
tissues are shown. n=4 to 5 for each data point from two independent experiments. *, P < 0.05
(Wilcoxon rank sum test).

Although cNK cells were shown in previous studies to play important roles in innate
immunity against chlamydial infection in both the airway and the genital tract (10-18),
those studies did not attempt to differentiate cNK cells from other ILCs. Thus, the
relative contribution of distinct ILC subsets to the mouse genital tract innate immunity
against chlamydial infection remains unclear. The use of RORyt knockout mice in the
current study allowed us to differentiate cNK from non-cNK cells, since it is well
established that cNK cells are independent of RORyt and they are defined as NK1.1+
RORyt~ cells (33, 34). Although NK1.1* RORyt* cells have been identified from
intestinal lamina propria, these cells are LTi-like ILC3 cells and derived from a non-NK
lineage (28). We have now demonstrated that endometrial resistance to chlamydial
infection is highly dependent on RORyt, indicating a critical role for ILC3s in endome-
trial innate immunity. Furthermore, the endometrial immunity is mediated by innate
IFN-v, since depletion of IFN-y from Rag1—/~ mice (adaptive immunity-deficient mice)
significantly reduced the endometrial immunity. The innate IFN-vy is likely produced by
NK1.1+ RORyt™ ILC3s, since depletion of NK1.1* cells from Rag1—/~ mice both blocked
IFN-y production and increased endometrial susceptibility to chlamydial infection.
Although NK1.1+ RORyt* ILC3s have been shown to produce IL-22 (33, 34), these cells
may also be able to produce IFN-y if they are induced to differentiate into so-called
ex-ILC3s. We propose that NK1.1* RORyt™ ILC3s may be induced to coexpress T-bet to
produce IFN-y by endometrial tissue cytokines in response to chlamydial infection. It is
worth noting that although ex-ILC3s are frequently detected in the gastrointestinal
tract, it is not clear whether these cells can be induced in the genital tract. Thus, the
current study has provided the first experimental evidence suggesting that transcervi-
cal inoculation with C. trachomatis may be able to induce ex-ILC3s in the female genital
tract mucosal tissue. C. trachomatis infection of endometrial epithelial cells may stim-
ulate endometrial myeloid cells to secrete cytokines IL-12 and/or IL-15. These cytokines
may induce ILC3s to differentiate into ex-ILC3s for IFN-y secretion. This hypothesis is
consistent with our recent observation that C. muridarum colonization may be able to
induce ILC3s to secrete IFN-y in the mouse colon (19). ILC3s have been shown to play
significant roles in protecting the epithelial barrier against bacterial infection (29).
Efforts are under way to further characterize the female genital tract ILC3 activation
pathways and functional properties.

IFN-y but not IL-22 is sufficient for significantly reducing C. trachomatis infection in
female mouse endometrium on day 3 after transcervical infection, demonstrating a
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critical role for IFN-y as an effector in mediating endometrial innate immunity. Al-
though it has been shown that C. trachomatis infection can be restricted by innate
immunity in the mouse genital tract (32), the nature of the innate immunity is still
unknown. The observations from the current study suggest that IFN-y-secreting ILC3s
may be a critical component of the innate immunity. Nevertheless, more studies may
be required for fully demonstrating the role of IFN-y-secreting ILC3s in endometrial
innate immunity. It will be necessary to determine whether IFN-y-producing RORyt™
ILC3s can be detected in the genital tissues of wild-type mice but not mice deficient in
IFN-y or RORyt. These IFN-y-producing RORyt™ ILC3s can be further isolated for
adoptive-transfer experiments. The transfer experiments will address whether these ILC3s
are sufficient for mounting endometrial innate immunity in recipient mice deficient in IFN-y
or RORyt™ ILC3s. However, it has been difficult for us to achieve these goals due to a lack
of sufficient IFN-y-producing RORyt* ILC3s that can be isolated from the female mouse
genital mucosae. Although isolation of ILC3s from the gastrointestinal (Gl) tract tissues is
routine (35), the same protocol has not enabled us to acquire sufficient number of ILC3s
from the female genital tract tissue. There may be multiple reasons for the difficulty. A
primary reason may be the limited number of ILC3s available from the genital tract. This is
because genital tract lumen is much less enriched in microbiota species than the lumen of
the Gl tract. Since mucosal ILC3s are known to play critical roles in maintaining the mucosal
barrier function (36), fewer lumenal microbes may require or induce fewer ILC3s for
preventing lumenal microbes from undergoing systemic spreading in the genital tract.
Nevertheless, we are still making efforts to optimize the protocols for collecting sufficient
IFN-y-producing RORyt™ ILC3s for flow cytometry analysis and, furthermore, as donor cells
for adoptive-transfer experiments.

It is worth noting that in Rag1~/~ mice (lacking adaptive immunity), the C. tracho-
matis infectious yields recovered from vaginal swabs collected between days 10 and 56
after infection were always lower than those recovered from day 7. This observation
suggests that innate immunity in Rag1~/~ mice can maintain constant inhibition of C.
trachomatis in the mouse genital tract. It will be interesting to investigate the mech-
anisms of the long-lasting innate immunity and to determine whether the same
IFN-y-producing ILC3s identified in the current study also contribute to the long-lasting
innate immunity. Perry et al. previously correlated major histocompatibility (MHC) class
Il-independent IFN-y production with inhibition of C. trachomatis serovar D in mouse
genital tracts on day 18 after infection (37). It will be worth testing whether the MHC
class ll-independent IFN-y is produced by ILCs.

The murine model has been extremely useful in understanding chlamydial immu-
nology and pathogenesis. When C. muridarum, the chlamydial species that is highly
adapted to mice, is used to infect the mouse genital tract, it readily overcomes the
mouse innate immunity and induces robust pathology in the upper genital tract, similar to
the pathology caused by C. trachomatis in women (38-41). Thus, the C. muridarum model
is suitable for investigating chlamydial pathogenic mechanisms in the upper genital tract
but not for investigating innate immune mechanisms. In contrast, when C. trachomatis, the
species that is isolated from humans and not adapted to mice, is used to infect the mouse
genital tract, it is significantly restricted by mouse innate immunity (32). Thus, in the current
study, we took advantage of this phenotype to probe the innate immune components that
are activated by and responsible for interacting with Chlamydia in the genital tract. We
found that ILCs contribute to the endometrial innate immunity by secreting IFN-vy. This
conclusion has been confirmed in multiple experimental settings, including C57BL/6J mice
genetically deficient in IFN-y and Rag1~/~ mice depleted of IFN-y or IFN-y-producing ILCs.
The next step is to test whether IFN-y-producing ILCs can also promote endometrial
resistance to C. trachomatis infection in women.

MATERIALS AND METHODS

Chlamydia and cell culture. Wild-type Chlamydia trachomatis serovar D stock was initially obtained
from Harlan Caldwell’s lab (42). The stocking organisms were amplified and passaged in Hela cells
(human cervical carcinoma epithelial cells; ATCC CCL-2) for 3 generations, and the amplified organisms
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were purified into elementary bodies (EBs) using discontinuous density centrifugation as previously
described (43). The purified EBs were stored in aliquots at —80°C until use.

Mouse infection. Mouse experiments were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals endorsed by the National Institutes of Health (44).
The protocol was approved by the Committee on the Ethics of Laboratory Animal Experiments of the
University of Texas Health Science Center at San Antonio.

Mice used in the current study were 5- to 7-week-old female mice from Jackson Laboratories, Inc. (Bar
Harbor, ME), as follows: wild-type mice (C57BL/6J; stock no. 000664) or mice deficient in IFN-y (B6.12957-
Ifng'™7s/J [IFN-y~/~1; no. 002287), recombination activating gene 1 (B6.129S7-Rag1t™'Mem/) [Rag1—/~1;
no. 002216), recombination activating gene 2 plus interleukin 2 (IL-2) receptor common gamma chain
(C;12954-Rag2tm1-1Flv [[2rgtm1-1FIv/) [Rag2~/~ yc~/~]; no. 014593), IL-7 receptor (B6.129S7-1[7rtm7imx/) [IL-
7R~/=1; no. 002295), T-bet (B6.129S6-Tbx21tm'¢m/) [T-bet=/~]; no. 004648), or RORyt (B6.129P2-
Rorctmititt/) [RORyt~/~]; no. 007571).

All mice were infected with C. trachomatis EBs at 5 X 10 inclusion-forming units (IFU) per mouse via
transcervical or intrauterine inoculation as described previously (45). Briefly, EBs were diluted in 10 ul of
SPG (220 mM sucrose, 12.5 mM phosphate, 4 mM L-glutamic acid; pH 7.5) buffer and delivered directly
into the uterus using a tube designed for transcervical inoculation (NSET60010; Braintree Scientific, Inc.,
Braintree, MA). After inoculation, mice were monitored for live organism shedding in vaginal swabs or
sacrificed for titrating live organisms in designated organs and tissues.

Mouse treatments. In some experiments, mice were treated with a rat anti-IFN-y antibody (clone
XMG1.2, IgG1/k; Bio X Cell, West Lebanon, NH) or a mouse anti-NK1.1 antibody (clone PK136, IgG2a/k;
Bio X Cell). The control groups were similarly treated with rat IgG (code number 012-000-002) or normal
mouse IgG (code number 015-000-002; both from Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA). The antibody depletion treatment was carried out in Rag1~/~ for assessing the roles of innate
IFN-y and NK1.1* in controlling C. trachomatis infection in female mouse genital tract. The treatment
began 5 days prior to transcervical infection (day —5), followed by treatments on days —3 and —1, day
1 after infection, and every other day thereafter. Each injection was administered intraperitoneally with
500 g of IgG in 200 ul of phosphate-buffered saline (PBS) as described previously (46).

Titrating live chlamydial organisms from mouse swabs and tissues. For monitoring live-organism
shedding from genital tract, vaginal swabs were taken on days 1, 3, 5, 7, and 10 after infection and weekly
thereafter. Each swab was soaked in 0.5 ml of SPG buffer and mixed in a vortex mixer with glass beads
to release infectious EBs for quantitation. For titrating live chlamydial organisms recovered from mouse
genital tract tissues, tissue segments, including vagina, cervix, uterus or uterine horn, and oviduct or
ovary, or as indicated for individual experiments, were harvested on designated days after inoculation,
as specified for individual experiments. Each tissue segment was transferred to a tube containing 0.5 ml
cold SPG buffer for homogenization and sonication. After centrifugation, the released live organisms in
the supernatants were titrated on Hela cells in duplicate as described previously (47). The total number
of IFU per swab or tissue was converted to a log,, value for calculating the group mean and standard
deviation at each time point. The detection limits of this titration method are 10 IFU per swab or tissue
sample. This is because we always used 50 ul (from the total volume of 500 ul), starting with neat tissue
homogenates without dilution followed by serial dilutions for a given sample. We counted the entire
culture well for chlamydial inclusions when the inclusion density was low, allowing the detection of a
single IFU per 50 ul.

Immunofluorescence assay. An immunofluorescence assay was used for titrating live organisms as
described previously (48). Briefly, HeLa cells grown on coverslips were fixed with paraformaldehyde
(Sigma) and permeabilized with saponin (Sigma). After washing and blocking, the cell samples were
subjected to a combination of antibody and chemical staining. Hoechst (blue; Sigma) was used to
visualize nuclear DNA. A rabbit antichlamydial antibody (raised by immunization with serovar D EBs [data
not shown]) and a goat anti-rabbit IgG conjugated with Cy2 (green; Jackson ImmunoResearch Labora-
tories, Inc.) were used to visualize chlamydial inclusions. The immunolabeled cultures were used for
counting inclusions under an Olympus 1X-81 fluorescence microscope equipped with multiple filter sets
(Olympus, Melville, NY).

Measurement of cytokines in mouse tissues using ELISA. The enzyme-linked immunosorbent
assay (ELISA) kit for measuring mouse IFN-y from genital tissues was purchased from R&D Systems, Inc.
(Minneapolis, MN; catalog no. MIF00). The tissues homogenized in SPG buffer were added with a
protease inhibitor cocktail (catalog no. 78430, 100X stock; Thermo Fisher Scientific, Waltham, MA) at a
2X final concentration. The neat homogenates were 2-fold serially diluted with PBS containing 2X
inhibitor cocktail, and the diluted samples were applied to 96-well plates precoated with a capture
antibody. IFN-y binding was detected with a detection antibody plus detection reagent. The absorbance
at 450 nm was detected with a Synergy H4 microplate reader (BioTek, Winooski, VT), and the results were
expressed as picograms per sample based on the standard curve obtained from the same plate.

Statistics. The numbers of live organisms, expressed as IFU counts or as IFN-y concentration in
picograms per sample, were compared between two groups using a Wilcoxon rank sum test. Where
there were more than two groups in a given study, analysis of variance (ANOVA) was performed, followed
by a Wilcoxon rank sum test to further define the difference between any two groups. The Wilcoxon rank
sum test has been used to compare both nonparametric and parametric data (49).
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